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We discuss new physics phenomenology of hidden scalar (S), pseudoscalar (P ), vector (V ) and
axial-vector (A) particles coupled to nucleons and leptons, which could give contributions to proton
charge radius, (g − 2)µ, 8Be-4He anomaly and electric dipole moment (EDM) of Standard Model
(SM) particles. In particular, we estimate sensitivity of NA64µ experiment to observe muon missing
energy events involving hidden scalar and vector particles. That analysis is based on GEANT4 Monte
Carlo simulation of the signal process of muon scattering off target nuclei µN → µNS(V ) followed
by invisible boson decay into Dark Matter (DM) particles, S(V )→ χχ. The existence of light sub-
GeV bosons could possibly explain the muon (g−2) anomaly observed. We also summarize existing
bounds on ATOMKI X17(JP = 0−, 1±) boson coupling with neutron, proton and electron. We
implement these constraints to estimate the contribution of P , V and A particles to proton charge
radius via direct 1-loop calculation of Sachs form factors. The analysis reveals the corresponding
contribution is negligible. We also calculate bounds on dark axion portal couplings of dimension-five
operators, which contribute to the EDMs of leptons and neutron.
I. INTRODUCTION
The measurement of anomalous magnetic moment of
muon provides the potential signal of new physics. In-
deed, the value of (g − 2)µ measured by BNL [1] differs
from the prediction of Standard Model (SM) at the level
of three standard deviations [2], ∆aµ = a
exp
µ − athµ =
(287 ± 80) × 10−11. The existence of light and weakly
coupled hidden bosons [3–6] could be a possible beyond
SM explanations of that discrepancy [7, 8]. In particular,
BELLEII experiment [9] has been already put constraints
on hidden vector boson Z ′ coupled with muons, which
can contribute to (g − 2)µ anomaly. In addition, M3
compact muon missing momentum experiment [10] has
been proposed recently at Fermilab to examine (g − 2)µ
puzzle. Moreover, muon fixed target NA64µ experiment
at CERN SPS [11] plans to collect data after CERN long
shutdown in 2021 to test sub-GeV boson contribution
into muon (g − 2).
The processes accompanied by the emission and de-
cay of hypothetical hidden boson [12, 13] provide an
additional evidence towards the weakly coupled parti-
cle interactions beyond SM [14–18]. Namely, ATOMKI
Collaboration has been reported recently the ∼ 6.8σ
and ∼ 7.2σ anomalies of e+e− pair excess from electro-
magnetically transition in 8Be [12] and 4He [13], respec-
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tively. The relevant 8Be data have been explained as
creation and decay of X17 boson particle with mass
mX = 16.70 ± 0.35 ± 0.50 MeV. Furthermore, most fa-
vored candidates, that could play the role of the X17
boson [15–17] have spin-parity JP = 1+, JP = 0−, and
JP = 1−. In particular, in order to explain 8Be anomaly,
authors of Ref. [15] provided an analysis for excited 8Be
states and presented anomaly-free extension of SM that
contains gauge boson with experimentally favored cou-
plings [18–27]. In addition, in Ref. [16] light pseudo-
scalar state from Higgs extended sector was suggested
to describe relevant e+e− excess in 8Be transition with
coupling that satisfies existing constraints [28–30]. More-
over, authors of Ref. [17] investigated the production of
vector boson with primarily axial couplings to quarks
that is consistent with experimental data [31–33], such
that new axial field has a mass mX ' 16.7 MeV (see
e.g., Refs. [34–36] for recent review) and describes com-
prehensively nuclear properties of the 8Be(1+)→8Be(0+)
anomalous transition.
However, in [37] authors provide dedicated analysis of
e+e− pair emission anisotropy in nuclear transitions of
8Be, which has a possible relevance to that anomaly. An-
other comprehensive study of 8Be anomaly not involving
beyond Standard Model explanation was carried out re-
cently in Ref. [38]. In particular, 17 MeV excess in the
experiment with 8Be [12] and 8He [13] is explained as
background effect due to the quantum phase transition
in the α-like nuclei of 8Be, 4He, 12C, and 16O.
It is worth mentioning that NA64e facility at the
CERN SPS [18, 19] has excellent opportunity of probing
8Be anomaly due to its dedicated searching sensitivity
ar
X
iv
:2
00
2.
07
49
6v
1 
 [h
ep
-p
h]
  1
8 F
eb
 20
20
2for short-lived hidden particles, τX . 10−12 s. In par-
ticular, we expect that NA64e active target facility will
be able to probe hidden pseudoscalar X17 boson after
CERN LS2 in 2021.
Precise determination of the proton charge radius rEp ,
one of the fundamental quantities of hadron physics, re-
mains unsolved problem for many years. There are three
methods of measurement of the proton charge radius
from study: (1) cross section of elastic lepton-proton
scattering, (2) Lamb shift in atomic hydrogen, and (3)
Lamb shift in muonic hydrogen.
The most recent and precise result for the rEp ex-
tracted from the elastic electron scattering off proton
was obtained by the A1 Collaboration at MAMI [39]:
rEp = 0.879 ± 0.005 ± 0.006 fm. It is in a good agree-
ment with the 2014 CODATA recommended value rEp =
0.8751 ± 0.0061 fm [40]. However, these results are in
a sizable disagreement (by 5.6 standard deviations) with
most accurate result for the rEp = 0.84087 ± 0.00026 ±
0.00029 fm obtained from Lamb shift in µp atom by the
CREMA Collaboration at PSI [41, 42]. In 2019 the pro-
ton radius was deduce from measurement of the elec-
tronic hydrogen Lamb shift: rEp = 0.833± 0.010 fm [43],
which led to a conclusion that the electron- and muon-
based measurements of the rEp finally agrees with each
other. Recently, the PRad Collaboration at JLab [44] re-
ported on improved measurement of the proton charge
radius from an electron-proton scattering experiment:
rEp = 0.831± 0.007(stat)± 0.012(syst) fm. As stressed in
Ref. [44], this prediction is smaller than the most recent
high-accuracy predictions based on ep elastic scattering
and very close to the results of the precise muonic hy-
drogen experiments [41, 42]. Also it was noticed in [44]
that their prediction is 2.7 standard deviations smaller
than the average of all ep experimental results [40]. We
note that an independent and a highly-precise measure-
ment proposed by the COMPASS++/AMBER at the M2
beam line of the CERN SPS [45] has very strong physi-
cal motivation as independent and complimentary exper-
iment to recent observation done by the PRad Collabora-
tion [44]. On the other hand, the use of the muon beam
in the planned COMPASS++/AMBER experiment [45]
gives a unique opportunity to test electron-muon univer-
sality and to reduce systematic uncertainties and radia-
tive corrections. For discussion of future experiments and
overview on proton radius see, e.g., Refs. [46, 47].
One should stress that from theoretical point new par-
ticles with different spin-parity assignments could con-
tribute to resolving of puzzles in particle phenomenology
and to more precise determination of their properties.
E.g., one can imagine existence of new particles with dif-
ferent spin-parity assignments, e.g., scalar (JP = 0+),
pseudoscalar (JP = 0−), vector (JP = 1+), and ax-
ial (JP = 1−) particles. Also one can analyze a possi-
ble contribution of these states to the (g − 2)µ anomaly.
Note that effects of scalar, pseudoscalar, and vector par-
ticles on the Lamb shift in lepton-hydrogen and (g− 2)µ
anomaly have been already discussed and estimated in
literature [48]-[53]. We noticed that one can also esti-
mate the relative contribution of new particles (S, P ,
V , and A) to the proton charge radius via direct 1-loop
calculation of Sachs form factors. From our preliminary
analysis it follows that contribution of these particles to
the charge radius of proton is negligible.
However, it is instructive to collect existing bounds on
X17 boson coupling with SM fermions and calculate con-
tribution of X17 to EDMs of leptons and neutron. The
relevant coupling terms originate from dimension-five op-
erators (see e.g., Eq. (3) below). These interactions are
motivated by dark-axion portal scenarios, involving cou-
plings of photon, dark photon, and axion-like particle (for
details, see e. g., Refs. [54–59]).
Our paper is structured as follows. In Sec. II we
consider effective couplings of sub-GeV bosons with SM
fermions. In Sec. III we estimate sensitivity of NA64µ
muon active target experiment to probe sub-GeV Vec-
tor and Scalar mediator of DM by using comprehen-
sive GEANT4 MC simulation. These bosons can pos-
sibly explain (g − 2)µ anomaly. In Sec. IV we sum-
marize existing constraints on 8Be anomaly for hidden
X17(JP = 0−, 1±) bosons. In Sec. VI we estimate con-
tribution of X17(JP = 0−, 1±) bosons to proton charge
radius directly from Sachs form factors. We conclude,
that current information on new particles suggests that
their contribution to the charge radius of proton is negli-
gible. In Sec. VI we also set constraints on dimension-five
operator couplings of light bosons which can contribute
to EDM of SM fermions. That analysis is motivated by
dark axion portal study. Finally, in Sec. VII, we summa-
rize our results.
II. EFFECTIVE LAGRANGIAN
We consider entirely phenomenological couplings of
light bosons to SM particles, which are based on an ef-
fective theory approach. Namely, New Physics (NP) La-
grangian involving coupling of nucleons and leptons with
scalar S, pseudoscalar P , vector V , and axial A bosons,
which could contribute to the proton radius, muon mag-
netic moment, and electric dipole moments of electron
(muon) and neutron can be written as follows
LNP =
∑
H
LH +
∑
H1H2
LγH1H2 , (1)
where H = S, P, V,A and H1H2 = SV, PV, PA. Here
LH = HJH , where JH is the fermionic currents includ-
ing effects of P -parity violation. They are composed of
nucleons and fermions as
JH =
∑
N=p,n
N¯ (gNH ΓH + f
N
H Γ˜H)N
+
∑
`=e,µ,τ
¯`(g`H ΓH + f
`
H Γ˜H) ` , (2)
where ΓS = Γ˜P = I, ΓP = Γ˜S = iγ
5, ΓV = Γ˜A =
γµ, and ΓA = Γ˜V = γ
µγ5 are the Dirac spin matrices.
3Second term in Lagrangian (1) describes the coupling of
new particles with photon (here we list only the terms
which contribute to the electric dipole moment):
LγSV = e
4Mp
gγSV F
µν Vµν S ,
LγPA = e
4Mp
gγPA F
µν Aµν P ,
LγPV = e
4Mp
fγPV F
µν Vµν P . (3)
g
N(`)
H , gγH1H2 and f
N(`)
H , fγH1H2 are the sets of P -parity
even and P -parity odd couplings, respectively. In Ap-
pendix we list the expressions for the contributions of
new particles to the muon magnetic moment and pro-
ton charge radius including both P -even and P -odd cou-
plings, while in numerical analysis, for the first time we
will neglect by the P -odd couplings. Later, we derive the
constraints of combinations of P -even and P -odd cou-
plings of new particles using data on electric dipole mo-
ments of leptons and neutron. However, we note that
constraints on (3) couplings can be motivated by dark
axion-portal study [54–59].
III. NA64µ EXPERIMENT FOR PROBING
(g − 2)µ ANOMALY.
The NA64µ is upcoming experimental facility at
CERN SPS [11, 60–62], which aims to examine light hid-
den sector particles weakly coupled to muons. It will
utilize a muon beam at CERN SPS to search for miss-
ing energy signatures in the bremsstrahlung process on
the active target, µN → µNEmiss. That process can be
associated with sub-GeV hidden vector boson V invisi-
bly decaying into light dark matter particles, V → χχ,
or neutrinos, V → ν¯ν. That vector particle is referred
to Z ′-boson, which interacts mainly with Lµ − Lτ cur-
rents of SM. In addition, it can serve a sub-GeV vector
mediator between SM and DM sector due to the mech-
anism of relic DM abundance [10, 63–66]. Furthermore,
in Refs. [10, 64, 67] authors considered a scenarios with
muon-specific scalar mediator between visible and hid-
den matter in order to resolve (g− 2)µ anomaly and DM
puzzle.
In this section we revisit recent [60–62] expected sen-
sitivity curves of NA64µ for muon-specific couplings of
sub-GeV vector and scalar hidden particles L ⊃ gµSSµ¯µ+
gµV Vν µ¯γ
νµ by using comprehensive GEANT4 Monte-Carlo
(MC) simulation. One can expect that relevant scalar
coupling originates from UV completed models with
vector-like fermions and Higgs extended sector [68, 69].
In Fig. 1 the expected limits of NA64µ detector are
shown for hidden Scalar and Vector boson, we also set
benchmark assumption, gµP = g
µ
A = 0, such that pseu-
doscalar and axial vector coupling admixtures don’t con-
tribute to (g − 2)µ anomaly. The expected sensitivity of
NA64µ was calculated by using GEANT4 MC simulation
of missing energy signal of E0 = 100 GeV muon scatter-
ing on target with heavy nuclei µN → µNS(V ). The
number of produced light bosons can be approximated
as follows
NS(V ) ' MOT× ρNA
A
× LT × σS(V ), (4)
where MOT is a number of muons accumulated on target,
A is a atomic weight of target medium, NA is Avogadro’s
number, ρ designates the target density, LT ' 40X0
is a typical distance that are passed by muon before
producing S(V ) with the energy of ES(V ) & E0/2 in
the active lead target of NA64µ (X0 ' 0.5 cm), σS(V )
is a total production cross-section of light bosons. For
mS(V ) . Mµ that production rate can be approximated
in bremsstrahlung-like limit as σS(V ) ∼ (gµS(V ))2/M2µ.
Which implies that relevant sensitivity curves in Fig. III
have a plateau in the light mass region. In Fig. III we
require NS(V ) > 2.3, which corresponds to 90% CL ex-
clusion bound on gµS(V ) coupling for the background free
case. In particular, a preliminary hadron contamina-
tion analysis and study of the detector hermiticity with
muon beam [11] show that total background to be at the
level . 10−12. It is worth mentioning that muon energy
loses in the lead target can be neglected [67], since the
muon energy attenuation is small for typical beam en-
ergy, 〈dEµ/dz〉 ' 12.7 · 10−3 GeV/cm. In the NA64µ
experiment one assumes to utilize two, upstream and
downstream, magnetic spectrometers. These spectrom-
eters, will provide a precise measurements of initial and
final muon energies [11]. We suppose that S(V ) being
produced produced by muons in the target escapes the
NA64µ detector without interaction decaying invisibly
into DM particles.
IV. 8BE ANOMALY CONSTRAINTS
It is worth mentioning that nucleon terms in La-
grangian (2) can be referred to hadron-X17 boson cou-
plings [14, 15] for the case of parity-violating interac-
tion [34]. In particular, authors of [14, 15] provide a
rough estimate of P -even hadronic couplings of X17 bo-
son as |fpA/e| ' |gpV /e| . 1.2 × 10−3 and |fnA/e| '|gnV /e| . (2 − 10) × 10−3 from null result of pi0 →
γ(X17 → e+e−) decay at NA48 [20, 21] and best fit of
X17 decay in the ATOMKI experiment [12]. For P -odd
hadronic couplings of X17 vector boson one can expect
them to be proportional to quark axial couplings g
n(p)
A '
f
n(p)
V ∼ gAq in a manner of Ref. [17]. Namely, a com-
prehensive analysis of [17] for both, enhanced isoscalar,
8Be∗′(JP = 1+;T = 0)→8 Be∗(JP = 0+;T = 0) +X17,
and suppressed isovector, 8Be∗(JP = 1+;T = 1) →
8Be∗(JP = 0+;T = 0)+X17, nuclear transitions implies
a conservative bounds |gn(p)A | ' |fn(p)V | . 10−5 − 10−4.
The hadronic terms in the Lagrangian (2) involving hid-
den scalar and pseudoscalar particles can be originated
410-5
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FIG. 1: Left Plot: Dashed blue lines are Dark Scalar expected sensitivities of NA64µ for MOT= 1011 and MOT= 1012. Right
Plot: Dashed blue lines are Dark Vector expected sensitivities of NA64µ for MOT= 1011 and MOT= 1012. Corresponding
dashed red lines are expected limits of M3 experiment [10] for Phase 1 and Phase 2. Pink line shows recent constraints of
BELLEII experiment [9] from data collected in 2018.
from extended Higgs sector of SM [70]. In particu-
lar, light pseudoscalar can be a valid candidate for 8Be
anomaly explanation [16]. The relevant Lagrangian reads
L ⊃
∑
q=u,d
ξp
mq
v
P q¯iγ5q, (5)
where v = 246 GeV is the Higgs vacuum expectation
value. This implies [16] that the resulting Yukawa-like
couplings of P to up and down type quarks are ξu '
ξd ' 0.3, with ξu and ξd being a linear combination of
nucleus couplings, such that
gpP '
Mp
v
(−0.40ξu − 1.71ξd), (6)
gnP '
Mn
v
(−0.40ξu + 0.85ξd) . (7)
Therefore, one has conservative limits, |gpP | . 2.5× 10−3
and |gnP | . 5.5 × 10−4, which, however depend on nu-
clear shell model of isospin transition [16]. We note, that
Lagrangian (5) doesn’t respect gauge symmetry of SM
unbroken gauge group, and therefore can be considered
as effective interaction of UV completed model [71].
Now let us consider 8Be constraints for light hidden
boson from lepton sector, which is described by the sec-
ond term in the Lagrangian (2). A numerous well moti-
vated scenarios [72–85] have been suggested recently for
explaining the ATOMKI e+e− anomaly, which involve
neutral vector boson interacting with leptons. That vec-
tor particle decays predominantly via e+e− pair, with
Br(V → e+e−) ' 1, since its mass doesn’t exceed
the masses of any hadronic states. The dominant con-
straints on vector coupling to electron come from NA48/2
data on pi0 → γV (V → e+e−) decay and from NA64e
data on eN → eNV (V → e+e−) bremsstrahlung e+e−
pair emission. In particular, NA48/2 experimental facil-
ity provides best upper limit on X17(JP = 1+) mix-
ing with electrons, L ⊃ geV Vµe¯γµe, such that the al-
lowed values of coupling are geV /e . 1.4 × 10−3 at 90%
CL. NA64e experiment has been recently set the lower
limit on the relevant coupling at 90% CL [18]. There-
fore, the existence of X17 vector boson favors the fol-
lowing values of electron mixing geV /e & 6.8 × 10−4.
The former bound can be rescaled for the case of axial-
vector coupling admixture, L ⊃ Vµe¯γµ(geV + γ5geA)e, as√
(geV )
2 + (geA)
2/e & 6.8× 10−4.
It is worth mentioning that one can estimate the pro-
jected sensitivity of the NA64 to probe pseudo-scalar
particles X17(JP = 0−). The authors of Ref. [16] pro-
vide the following limits for reduced Higgs-like coupling
of X17(JP = 0−) boson with electrons L ⊃ ξeP Mev P e¯iγ5e
4.5 . ξeP . 10.0 , (8)
which are favored by experimental data from electron
and proton beam-dump facilities [28] for mP & 17 MeV.
The relevant limits CAff = ξ
e
P are shown in Fig. (4)
of Ref. [28]. These bounds can be transferred to the
electron’s coupling in terms of Lagrangian (2) as fol-
lows 3.0 × 10−5 . geP /e . 6.7 × 10−5 It means that
P is a relatively long-lived with respect to vector boson
X17(JP = 1+), that has the allowed couplings in the
5TABLE I: Favored couplings for X17(JP = 1±, 0−)
Coupling Neutron Proton Electron
gP /e = fS/e . 1.8× 10−3 from Ref. [16] . 8.3× 10−3 from Ref. [16] & 3.0× 10−5 from Refs. [16, 28]
gV /e = fA/e . (2− 10)× 10−3 from Ref. [14, 15] . 1.2× 10−3 from Ref. [14, 15] . 1.4× 10−3 from Ref. [21] ,
& 6.8× 10−4 from Ref. [18]
gA/e = fV /e . 3.3× (10−5 − 10−4) from Ref. [17] . 3.3× (10−5 − 10−4) from Ref. [17] & 6.8× 10−4 from Ref. [18]
γ
q
p+ k
p
p′ + k
p′
p, ℓ− p, ℓ−
k
H
FIG. 2: Vertex correction to anomalous magnetic moment of
proton and charged lepton due to exchange of new particles.
range 6.8×10−4 . geV /e . 1.4×10−3. In particular, one
can estimate corresponding lifetimes [86, 87] of P and V
which have not been experimentally excluded yet
2.4× 10−12 s . τP . 1.2× 10−11 s , (9)
8.3× 10−15 s . τV . 3.5× 10−14 s. (10)
Therefore, the NA64 experiment has an excellent
prospect for probing of X17(JP = 0−), since it will
decay mostly into e+e− within the fiducial volume of
the NA64 (Lfid ∼ 7 − 10 m) due to large boost fac-
tor EP /mP ' 6 × 103, with typical decay length of
LPdec ' 14 m. We note however that our estimate is
conservative, therefore one should perform a comprehen-
sive Monte-Carlo simulation for the flux and spectra of
hidden pseudo-scalars produced in the target by primary
electrons, eN → eNP (P → e+e−). That investigation
will take into account realistic response and efficiency of
the NA64e detector. We leave that task for future anal-
ysis [88]. In Tab. I we summarize current limits on X17
couplings.
V. COMBINED CONTRIBUTION OF LIGHT
BOSONS TO THE PROTON RADIUS
In this section we consider the problem of the proton
charge radius. In particular, we discuss direct contri-
bution of these light bosons into the proton radius via
the charge Sachs form factor GPE(q
2). As we stressed in
Sec. I, this possibility is quite interesting in the connec-
tion to planned precise measurement of the proton charge
radius from analysis of the elastic muon-proton scatter-
ing. P -even electromagnetic vertex function is defined
for incoming photon as
MPinv = u¯(p
′)
[
γµ F1(q
2) +
i
2Mp
σµνqν F2(q
2)
]
u(p) . (11)
Here F1 and F2 are the Dirac and Pauli form factors;
q2 = −Q2. For minimal coupling of photon with proton
and charged leptons
Lem;m = eAµ [p¯γµp− ¯`γµ`]. (12)
It is interesting to look at the relative contribution of
new hidden particles to both proton charge radius and
muon (g−2)µ ratio anomaly. We do the direct estimate of
the contributions of new particles into the proton charge
radius. The proton charge radius is defined as
〈rEp 〉2 = −6[GPE(0)]′ = −6[F p1 (0)]′ +
3
2M2p
F p2 (0) , (13)
where F p1 and F
p
2 are the Dirac and Pauli electromagnetic
form factors of the proton, respectively; [F (0)]′ means
the derivative at Q2 = 0. Here F p2 (0) = κp is the proton
anomalous magnetic moment. In particular, using the
mass value mV = 16.7 MeV of the hypothetic X17 vector
particle observed in the ATOMKI experiment [13] we get
the following leading (logarithmic) contribution to the
charge proton radius:
〈δrEp 〉2 ' 0.014h(1)r fm2 , (14)
where
h(1)r = (g
p
V )
2 − (gpA)2 + (fpA)2 − (fpV )2 , (15)
is the combination of couplings of vector and axial vectors
with proton (see Appendix). Let us estimate that contri-
bution for benchmark couplings shown in Tab. I for X17
boson. In particular, h
(1)
r = 2(g
p
V )
2−2(gpA)2 ' 2.6×10−7,
that yields 〈δrEp 〉 ' 6× 10−5 fm. Therefore we conclude,
that current information on new particles suggests that
their contribution to the charge radius of proton is neg-
ligible.
6VI. CONSTRAINTS ON COUPLINGS OF NEW
PARTICLES USING DATA ON ELECTRIC
DIPOLE MOMENTS OF LEPTONS AND
NEUTRON
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FIG. 3: 90% CL constrains on coupling combinations from
EDM of SM fermions. Solid (dashed) green line shows bound
on gγSV g
µ
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µ
S (g
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S ) coupling from EDM of muon. Solid
(dashed) blue line shows bound on gγSV g
e
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e
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e ) coupling
from EDM of electron. Solid (dashed) red line shows bound
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S ) coupling from EDM of neutron. Solid
orange line represents combined limits on geV f
e
S from electron
EDM and CHARM bounds.
In this section we derive the constraints on the com-
binations of P -even and P -odd couplings of new par-
ticles using data on electric dipole moments (EDM) of
leptons and neutron. The contributions of new particles
to EDMs are described by the diagram in Fig. 4 where
squared vertex is P -odd and round vertex is P -even cou-
pling with leptons (neutron). The EDM of spin- 12 fermion
ψ (neutron or leptons) is defined as dE = DE(0), where
DE(q
2) is the relativistic electric dipole form factor ex-
tracted from full electromagnetic vertex function of cor-
responding fermion [89]:
Minv = u¯ψ(p2) Γ
µ(p1, p2)uψ(p1) ,
Γµ(p1, p2) = −σµνqνγ5DE(q2) + . . . (16)
The contributions of individual diagrams in Fig. 4 are
given in Appendix.
Using current upper limits/results for the electron,
muon, and neutron EDMs:
|dEe | < 0.11× 10−28 e cm ,
dEµ < (−0.1± 0.9)× 10−19 e cm ,
|dEn | < 0.30× 10−25 e cm , (17)
we get the upper limits for combinations of couplings of
new particles, which are displayed in Tab. II. Let us con-
sider several benchmark limits. Namely, for concreteness
we set to zero couplings of dimension-five operators (3),
gγSV = gγPA = fγPV = 0. That yields the following
constraints on electron and muon interaction with P and
S for light bosons masses mV = mP = mS Me
|de/e| ' |g
e
Sf
e
S |
8pi2Me
1
2
< 5.5 · 10−16 GeV−1, (18)
γ
n, ℓ− n, ℓ−
S(P )
(1)
γ
n, ℓ− n, ℓ−
S(P )
(2)
γ
n, ℓ− n, ℓ−
S(A) V (P )
(3)
γ
n, ℓ− n, ℓ−
S(A) V (P )
(4)
γ
n, ℓ− n, ℓ−
P V
(5)
γ
n, ℓ− n, ℓ−
PV
(6)
FIG. 4: Diagrams describing contribution of new particles to
electric dipole moments of neutron and leptons. The square
boxes denote the P -odd vertices, round vertices are P -even
couplings.
|dµ/e| = |g
µ
Sf
µ
S |
8pi2Mµ
1
2
< 5.0× 10−7 GeV−1 , (19)
or equivalently |geSfeS | < 4.5× 10−17 and |gµSfµS | < 8.5×
10−6. In order to avoid interference between diagrams
(1)-(4) in Fig. 4 we now consider a benchmark point gS =
gP = 0. That implies the following limits or the product
of vector-specific and pseudo-scalar couplings of leptons
|de/e| = |gγSV g
e
V f
e
S |
16pi2Mp
1
2
< 5.5 · 10−16 GeV−1, (20)
|dµ/e| = |gγSV g
µ
V f
µ
S |
16pi2Mp
1
2
< 5.0× 10−7GeV−1, (21)
which yield |gγSV geV feS | < 1.7×10−13 and |gγSV gµV fµS | <
0.2 × 10−3. For relatively light hidden bosons mA =
mV = mP = mS Mn one can also obtain correspond-
ing constraints from neutron EDM, |gnSfnS | < 2.3× 10−10
and |gγSV gnV fnS | < 4.5×10−10. Heavy bosons mH Mψ
yield the limits on coupling products, which are scaled
as ∼ (mH/Mψ)2. These bounds are shown in Fig. 3.
One can see from Fig. 3, that the most stringent con-
straints on couplings come from electron EDM bounds
for mH  Me. Moreover, for the benchmark values
of electron coupling with vector, geV /e ' 1.4 × 10−3,
and scalar, feS/e ' 3.0 × 10−5, one can also estimate
the bound on gγSV that is favored by X17-boson ex-
istence. In particular, for mH ' 16.7 MeV, one has
gγV S . 7.7 × 10−2 from Fig. 3. Corresponding bound
7TABLE II: Upper limits on couplings of new particles from data on EDMs of electron, muon, and neutron
Coupling combination Electron Muon Neutron
|gP fP | = |gS fS |, mH Mψ < 4.5× 10−17 < (0.8− 7.6)× 10−5 < 2.3× 10−10
|fγPV gP gV | = |gγPA gP fA| = |gγSV gV fS |, mH Mψ < 1.7× 10−13 < (0.2− 1.4)× 10−3 < 4.5× 10−10
|fγPV | = |gγPA| = |gγSV |, mH ' 16.7 MeV . 7.7× 10−2 − . 1.5× 10−3 − 3× 10−4
from neutron EDM yields gγV S . 1.5× 10−3 − 3× 10−4
for gnV /e ' (2−10)×10−3 and fnS /e ' 1.8×10−3 provided
in Tab. I. Here we expect naively that X17 is admixture
of vector and pseudo-scalar states which have dark axion
portal coupling as in Ref. [55, 56] L ⊃ 12aGaγγ′FµνF ′µν .
In particular, one can relate corresponding values of
Gaγγ′ and gγSV as follows, Gaγγ′ = egγSV /(2Mp). That
implies conservative bound on dark axion portal interac-
tion of X17 states Gaγγ′ . 2.5× 10−4 − 5× 10−5 GeV−1
for ma = mγ′ ' 16.7 MeV. We note that our latter rough
estimate is referred to the model, which incorporates con-
sistently both X17(JP = 0−) and X17(JP = 1+) states
for 8Be anomaly explanation. The development of that
scenario however is beyond the scope of the present pa-
per. Besides, we want to point out that proposed sensi-
tivity for a future measurement of the proton EDM and
indirect limit to neutron EDM which the JEDI Collabo-
ration [90] plans to obtain at level of ∼ 10−29 can receive
more stringent limit for the couplings by a factor 10−3.
It is instructive to obtain constraint on geV f
e
S coupling
from combined limit on electron EDM and CHARM exper-
imental bounds for dark axion portal interaction Gaγγ′
presented in Ref. [55, 56]. The authors of Ref. [55, 56]
have been set severe upper limit on Gaγγ′ assuming null
result of CHARM experiment to observe γ′ → aγ decay
within regarding fiducial volume. The latter implies
mγ′  ma, thus contribution of γ′ and a into de/e in
that mass range reads as follows
de/e =
Gaγγ′f
e
ag
e
γ′
8pi2
J
(
mγ′
me
, 0
)
. (22)
Here we use the notations of Ref. [55, 56] denoting indices
as a = S and γ′ = V for axion-like and dark-photon
particles respectively, the function J (mγ′/me, 0) is given
by Eq. (A18) in Appendix. In particular, for m′γ  Me
one has
|geγ′fea | < 1.3× 10−13
(
Gaγγ′
GeV−1
)−1 m2γ′/M2e
log(m2γ′/M
2
e )
, (23)
which yields 10−10 . |geγ′gea| . 10−6 for the masses in the
range 1 MeV . mγ′ . 30 MeV from CHARM experimental
constraints in Fig. 3 of Ref. [55]. We show corresponding
limit in Fig. 3 by solid orange line.
VII. SUMMARY
In this paper we discuss phenomenological aspects of
new scalar, pseudoscalar, vector and axial particles cou-
pled to fermions (nucleons and leptons), which could give
contributions to proton charge radius and (g− 2)µ ratio,
8Be anomaly and EDM of fermions. The main conclu-
sions of this paper are:
• We estimate sensitivity of NA64µ muon active tar-
get experiment to probe sub-GeV Vector and Scalar
mediator of DM by using comprehensive GEANT4
MC simulation. These bosons can possibly explain
(g−2)µ anomaly. In case of NA64µ null result of ob-
serving muon missing energy events associated with
hidden vector and scalar particles, µN → µNS(V ),
one can exclude new sub-GeV bosons as interpre-
tation of (g − 2)µ anomaly.
• We summarize existing constraints on 8Be anomaly
for hidden X17(JP = 0−, 1±) bosons. We estimate
contribution of these particles to proton charge ra-
dius by direct calculation of Sachs form factors. It
turns out that the resulting contribution is negligi-
ble.
• We also set constraints on couplings of dimension-
five operators for light hidden bosons which can
contribute to EDM of SM fermions. That novel
EDM analysis is motivated by dark axion por-
tal study, which involves axion-photon-dark-photon
couplings.
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8Appendix A: Contributions of new particles to the
muon magnetic moment, proton charge radius and
EDM of fermions
Contributions of new particles to the anomalous mag-
netic moments of proton and charged leptons read
δaψS =
1
8pi2
1∫
0
dx
(1− x)2
(
(gψS )
2 − (fψS )2 + x
[
(gψS )
2 + (fψS )
2
])
(1− x)2 + x(µψS)2
, (A1)
δaψP = −
1
8pi2
1∫
0
dx
(1− x)2
(
(gψP )
2 − (fψP )2 − x
[
(gψP )
2 + (fψP )
2
])
(1− x)2 + x(µψP )2
, (A2)
δaψV =
1
8pi2
1∫
0
dx
2x(1− x)
(
(gψV )
2 − 3(fψV )2 − x
[
(gψV )
2 + (fψV )
2
])
(1− x)2 + x(µψV )2
, (A3)
δaψA = −
1
8pi2
1∫
0
dx
2x(1− x)
(
3(gψA)
2 − (fψA)2 + x
[
(gψA)
2 + (fψA)
2
])
(1− x)2 + x(µψA)2
, (A4)
where µψH = mH/Mψ, ψ = p, `
−. Here we use
the standard Feynman propagator for spin-0 particles
DJ=0(k
2) = 1/(M2− k2) and the one without longitudi-
nal part for spin-1 particles DµνJ=1(k
2) = −gµν/(M2−k2).
Also we drop all occurring ultraviolet divergent terms
supposing that they can be removed by appropriate
choice of counterterms.
Below we list the corrections from new particles
(S, P, V,A) to the 〈r2p〉2:
〈δrEp 〉2S =
1
8pi2M2p
1∫
0
dx
(1− x)2
(
2(gpS)
2 − (fpS)2 + x
[
(gpS)
2 + (fpS)
2
])
(1− x)2 + x(µpS)2
, (A5)
〈δrEp 〉2P = −
1
8pi2M2p
1∫
0
dx
(1− x)2
(
(gpP )
2 − 2(fpP )2 − x
[
(gpP )
2 + (fpP )
2
])
(1− x)2 + x(µpP )2
, (A6)
〈δrEp 〉2V =
1
8pi2M2p
1∫
0
dx
(1− x)
(
(gpV )
2 + (fpV )
2 + x
[
7(gpV )
2 − 6(fpV )2
]
− 2x2(gpV )2 − x3(fpV )2
)
(1− x)2 + x(µpV )2
, (A7)
〈δrEp 〉2A = −
1
8pi2M2p
1∫
0
dx
(1− x)
(
− (gpV )2 − (fpV )2 + x
[
6(gpA)
2 − 7(fpA)2
]
+ 2x2(fpA)
2 + x3(gpA)
2
)
(1− x)2 + x(µpA)2
. (A8)
Lets consider two limiting cases: (1) mH = mS = mP = mV = mA  Mψ, (2) mH = mS = mP = mV =
9mA  Mψ, where ψ = p, µ. The total contribution of
new particles into aµ and proton charge radius read:
Scenario (1):
δaµtot =
1
16pi2
[
g(1)a − 8h(1)a log(µµH)2
]
,
g(1)a = 3
(
(gµS)
2 + (fµP )
2
)
−
(
(gµP )
2 + (fµS )
2
)
+ 2
(
(gµV )
2 + (fµA)
2
)
+ 18
(
(gµA)
2 + fµV )
2
)
,
h(1)a = (f
µ
V )
2 + (gµA)
2 , (A9)
〈δrEp 〉2tot =
1
16pi2M2p
[
g(1)r + 6h
(1)
r log(µ
p
H)
2
]
,
g(1)r = 5
(
(gpS)
2 + (fpP )
2
)
+
(
(fpS)
2 + (gpP )
2
)
− 8
(
(gpV )
2 + (fpA)
2
)
+
47
3
(
(fpV )
2 + (gpA)
2
)
,
h(1)r = (g
p
V )
2 − (gpA)2 + (fpA)2 − (fpV )2 . (A10)
Scenario (2):
δaµtot =
1
16pi2(µµH)
2
[
g(2)a + h
(2)
a log(µ
µ
H)
2
]
,
g(2)a = −
7
6
(
(gµS)
2 + fµP )
2
)
+
11
6
(
(gµP )
2 + (fµS )
2
)
+
2
3
(
(gµV )
2 + (fµA)
2
)
− 10
3
(
(gµA)
2 + (fµV )
2
)
,
h(2)a = (g
µ
S)
2 − (gµP )2 − (fµS )2 + (fµP )2 . (A11)
〈δrEp 〉2tot =
1
8pi2m2H
[
g(2)r + h
(2)
r log(µ
p
H)
2
]
,
g(2)r = −
8
3
(
(gpS)
2 + (fpP )
2
)
+
11
6
(
(gpP )
2 + (fpS)
2
)
+
13
6
(
(gpV )
2 + (fpA)
2
)
− 49
2
(
(gpA)
2 + (fpV )
2
)
,
h(2r = 2
(
(gpS)
2 + (fpP )
2
)
−
(
(gpP )
2 + (fpS)
2
)
+
(
(gpV )
2 + (fpV )
2 + (gpA)
2 + (fpA)
2
)
. (A12)
The contributions of individual diagrams in Fig. 4 are
given by:
Diagrams 1+2:
S(P )-boson exchange
dEI =
egIfI
8pi2Mψ
I(µψI ) , I = S, P . (A13)
Diagrams 3+4:
SV -boson exchange
dESV =
egγSV gV fS
16pi2Mp
J(µψS , µ
ψ
V ) . (A14)
PA-boson exchange
dEPA =
egγPAgP fA
16pi2Mp
J(µψP , µ
ψ
A) . (A15)
Diagrams 5+6:
PV -boson exchange
dEPV =
efγPV gP gV
16pi2Mp
J(µψP , µ
ψ
V ) . (A16)
Here we introduced the structure integrals
I(µ) =
1∫
0
dx
x2(1− x)
x2 + (1− x)µ2 , (A17)
for diagrams 1,2 and
J(µ, τ) =
1
µ2 − τ2
1∫
0
dxx2 log
x2 + µ2(1− x)
x2 + τ2(1− x) , (A18)
for diagrams 3-6. For equal masses of bosons, i.e. for
µ = τ the loop integral J(µ, τ) is simplified to J(µ) ≡
I(τ). As before we consider the limits: (1) small fermion
masses µ 1 and (2) small boson masses µ 1. In first
case the structure integral reads:
I(µ) = J(µ) =
1
3µ2
, (A19)
J(µ2, τ2) =
1
3(µ2 − τ2) log
µ2
τ2
. (A20)
For the second case we get:
I(µ) = J(µ) = J(µ, τ) =
1
2
. (A21)
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